Summary The goal in this study was to determine the relationship between body mass index and trabecular and cortical bone using quantitative computed tomography. A higher body mass index (BMI) was positively associated with trabecular and cortical bone parameters, and serum parathyroid hormone, and negatively associated with cortical volumetric bone mineral density (vBMD) and serum 25-hydroxy-vitamin D. When BMI is greater than 35 kg/m 2 , adiposity affects vBMD and may explain the higher fracture risk in this population without low BMD. Introduction The influence of adult obesity on the trabecular and cortical bone, geometry, and strength has not been fully addressed. The goal in this study was to determine the relationship between body mass index and trabecular and cortical bone mass and geometry, over a wide range of body weights. Methods We examined 211 women (25-71 years; BMI 18-57 kg/m 2 ) who were classified into three categories of BMI (kg/m 2 ) including normal-weight (BMI<25), overweight and obese-class I (BMI 25-35) and obese-class II-III (BMI> 35), and also by menopausal status. Volumetric bone mineral density (mg/cm 3 ), trabecular, and cortical components as well as geometric characteristics at the 4%, 38%, and 66% from the distal tibia were measured by peripheral quantitative computed tomography, and serum was analyzed for parathyroid hormone (PTH) and 25-hydroxy-vitamin D (25OHD). Results Higher BMI was associated with greater values of trabecular bone and cortical BMC and area and PTH (r>0.39, p<0.001), but lower cortical vBMD and 25OHD (r>−0.27, p<0.001). When controlling for lower leg muscle area, fat area was inversely associated with cortical vBMD (r=−0.16, p<0.05). Premenopausal obese women with both higher BMI and PTH had lower cortical vBMD (r<−0.40, p< 0.001). While age is a predictor for most bone variables, fat mass explains more variance for vBMD, and lean mass and 25OHD explain greater variance in geometric and strength indices (p<0.05). Conclusions Severe obesity (BMI>35) increases trabecular vBMD and in the presence of a higher PTH is associated with a lower cortical vBMD without compromising bone geometry and strength. Whether or not a lower cortical vBMD in obesity influences fracture risk over time needs to be further explored.
Introduction
Obesity is associated with a higher bone mass [1] but more recently it has been suggested that bone mineral density (BMD) is proportionally lower than would be expected in obesity based on body size, and that fracture risk may be increased despite normal BMD [2] [3] [4] [5] . The influence of obesity on trabecular (Tb) and cortical (Ct) bone has not been examined and could explain whether it is influenced with excess adiposity.
Although BMD is the most common clinical measurement to diagnose osteoporosis, there is a growing awareness that a reduction in BMD is not the sole pathology underlying fracture risk, nor does a high BMD completely protect an individual from fractures. Risk factors for fracture are also influenced by bone quality that has been defined as a composite of bone structure, composition, microarchitecture, and microdamage that contribute to bone strength independently of BMD [6] [7] [8] . Indeed, the FRAX model addresses clinical risk factors along with BMD to better predict fracture risk [9] . In addition, BMI has been used as a surrogate for BMD in instances where BMD cannot be measured, although it has a limited ability to predict fractures at high body weights [3, 10] .
Peripheral quantitative computed tomography (pQCT) allows for separate yet simultaneous assessment of the Tb and Ct compartments of the bone. It includes measurement of volumetric BMD (vBMD), bone geometry, bone mineral content (BMC), and bone strength indices, and is considered a useful method to assess bone quality and strength [11] . It has also been reported that bone variables measured by pQCT such as Tb and Ct vBMD may be good predictors of fracture risk and in certain cases (e.g., dialysis) may be better than dual-energy X-ray absorptiometry (DXA) [12] . The sex and age effects on Tb and Ct bone have been well established using pQCT [13] [14] [15] ; however, their relationship with BMI and/or adiposity has not been addressed in an adult population.
The positive influence of body weight on bone is primarily attributed to a greater lean mass but not always in older populations [16] [17] [18] . In addition, there is an altered hormonal milieu associated with obesity, including higher serum concentrations of parathyroid hormone (PTH) and lower circulating 25-hydroxy-vitamin D (25OHD) [19, 20] . Serum PTH has a negative effect on Ct bone, while 25OHD is positively associated with Tb bone, but this has not been studied in obese women [21] [22] [23] . In addition, the influence of both fat and muscle mass on the Tb and Ct relationship in obesity has been examined in young men and children [24, 25] , but to our knowledge no report to date has examined this in adults. By simultaneously examining hormones and muscle and fat mass separately in pre-and postmenopausal women, this study clarifies factors that may be influencing Tb and Ct bone due to excess body weight, especially in the higher range of body weight where geometry may be altered and may increase fracture risk [2] [3] [4] [5] .
Subjects and methods

Subjects
Two hundred and eleven women aged 25-71 years were recruited by advertising in local newspapers and email listserves. Some of these women later took part in other intervention trials in the lab. Women were excluded if they were osteoporotic, (defined as a T-score<−2.5 at the hip and spine), taking medications known to influence bone or mineral metabolism in the past year, or had evidence of metabolic bone disease, thyroid disorders, diabetes, immune disease, heart attack, or stroke in the past 6 months, kidney stones, diabetes, active cancers, or cancer therapy within the past 12 months or were pregnant or lactating within the past year or used hormone replacement therapy. Premenopausal women who were menstruating monthly were included, and postmenopausal women were required to be at least 2 years since their last menstruation. This study was approved by the Rutgers University Institutional Review Board and all participants signed an informed consent form.
Methods
Weight and height were measured with a balance beam scale and stadiometer, respectively; (Detecto, Webb City, MO, USA). Dual-energy X-ray absorptiometry (Lunar Prodigy Advanced; GE-Lunar, Madison, WI, USA; coefficient of variation (CV) <1% for all sites) scans were performed by using enCORE 2004 software (version 8.10.027; GE Lunar) was used to assess, total hip, lumbar spine, femoral neck, and total body BMD and BMC, as well as total fat and lean mass. Calcium and vitamin D intake was estimated using 3-day food records and analyzed using the Food Works Software, version 10.1 (Long Valley, NJ, USA). Physical activity level was estimated using general practice physical activity questionnaire. Women were advised to consume a multi-vitamin/mineral tablet beginning, approximately 4-6 weeks prior to baseline measurements to equal a total intake of 1,000-1,200 mg Ca/day (diet and supplement). This uniform intake of calcium avoids variability in serum PTH levels that occurs with a wide range of dietary calcium intake.
pQCT Volumetric BMD, BMC, and geometric and bone strength properties were measured using pQCT (Stratec XCT 3000, Orthometrix). Sectional images were standardized at specific sites (4%, 38%, and 66%) using distal tibia as the anatomical marker and analyzed for density, content, geometry, and strength indices and we report vBMD, BMC, geometry, biomechanical property, muscle, and fat area. The scans were acquired at 0.5 mm voxel and a slice thickness of 2.4 mm. A scout view was used to determine the positioning of the cross-sectional measurements from the tibia and was set by the integrated software (STRATEC XCT-3000, version 5.4) for Tb, Ct, and muscle-fat measurements, respectively. Processing of the images and calculation of the various bone indices were performed using integrated software. At the 4% site, total and Tb vBMD (mg/mm 3 ), BMC (mg), and total bone crosssectional area (mm 2 ) were calculated with the use of contour mode 2 and peel mode 2 at a threshold of 280 mg/cm 3 (21) . Cortical vBMD area, BMC, thickness, periosteal circumference (mm), and endosteal circumference (mm) were assessed in the 38% site with the use of cortical mode 1 and the threshold of 710 mg/cm 3 . The polar strength-strain index (mm 3 ) and moment of inertia (mm 4 ) were also calculated at the 38% site with "cort mode 1" and a threshold of 280 mg/cm 3 . At the 66% site fat area, muscle area and the ratio of fat/muscle area were calculated using cort mode 1 and peel mode 1. In addition, to ensure accuracy, we performed an in vivo precision analysis using 18 subjects. The coefficient of variation between the two measurements was less than 1.7% for Tb and Ct vBMD, BMC, area, and geometry.
Serum analysis
Blood samples were collected after an overnight fast and serum was extracted using centrifugation and stored at −80°C until further analysis. Concentrations of PTH and 25OHD were analyzed by radioimmunoassay in batch analysis, using both internal and external standards. The CV was <6.8% for PTH (Scantibodies laboratory, CA, USA) and <12.5% for 25OHD (Diasorin MN; DSL corp).
Statistical analysis
Women were separated into two menopausal categories and three BMI categories. Two-way ANOVA was used to analyze the differences in Tb and Ct bone variables across BMI categories and menopausal status. Differences among the various study group means were tested by Tukey's posthoc analysis when the model F ratio was significant (p< 0.05). Analysis was controlled for physical activity level, nutrient intake, and lean mass in linear models. Partial Pearson correlation coefficients were used to assess the relationships between Tb and Ct variables controlling for lower leg muscle area, to assess the independent influence of adiposity. Multiple regression analysis was used to assess the relative influence of independent variables (age, fat and lean mass, PTH, and 25OHD) on Tb and Ct variables. Analyses were conducted using the SAS statistical package (SAS Institute, Cary, NC, USA; version 9.1.3). p values<0.05 are considered significant. Data are presented as means±SD.
Results
The baseline characteristics of the 211 women are presented in Table 1 . Study participants (Table 1) were primarily Caucasian (183 out of 211) with 90% and 86% in the preand postmenopausal population, respectively. There were 7% and 11% African-Americans in the pre-and postmenopausal groups, respectively, with 3% Asian and Hispanic in the remaining population. Participants were between 25 and 71 years of age, with no age differences between the various weight categories within the same menopausal status. The percent body fat was higher (p<0.0001) in the more obese women, and was higher (p<0.001) in the postcompared to premenopausal women with BMI between 25 and 35 kg/m 2 ( Table 1) . Calcium (Ca) intake was not significantly different in the pre-(1,379±521 mg) compared to postmenopausal women (1,148±579 mg). However, postmenopausal women with BMI>35 had a lower Ca intake (p<0.02) compared to normal weight women. There were small differences in total vitamin D intake between postmenopausal (7.6±4.8 μg/day) compared to premenopausal (9.2±4.1 μg/day) women (p=0.019) and was lowest in the heavier postmenopausal women (Table 1) . Serum PTH levels were higher in women with BMI>35 compared to leaner women and were highest in this group of premenopausal (p<0.0001). Serum levels of 25OHD were lower (p<0.0001) in the heaviest (BMI>35) compared to normal-weight women. Areal BMD (g/m 2 ) at most sites was significantly lower in the post-compared to the premenopausal women (p<0.01). The heavier women had significantly higher BMD (p<0.05) at the hip, but not other sites compared to normal weight women. Also, among postmenopausal women, femoral neck BMD was also higher in the heavier (BMI>25) compared to normal weight (BMI<25) women (p<0.01).
Trabecular and cortical bone
Body mass index
The relationship between BMI and bone parameters was examined in the entire group of women ( Fig. 1) . A higher BMI was positively associated (r>0.35, p<0.001) with Tb BMD and BMC, Ct BMC, area, thickness, periosteal, and endosteal circumference and stress-strain index (SSI). However, a significant inverse association (r=−0.27, p< 0.001) was found between BMI and Ct vBMD in all women. In addition, BMI was positively associated with serum PTH (r = 0.48) and negatively associated with Total body fat and lean mass was not available in 10 women 25OHD (r=−0.45; Fig. 1 ). When the effect of BMI on these bone parameters was analyzed by menopausal status (data not shown) a positive relationship (r>0.30, p<0.001) for most variables was observed for pre-and postmenopausal women except with Ct vBMD. Interestingly, the negative association between BMI and Ct vBMD was significant only in the pre-(r=0.54, p<0.0001) and not in the postmenopausal (r=0.14, p=0.1) women (Fig. 2) . Also, the negative association between Ct vBMD and PTH (r= −0.4, p<0.001) was only observed in the premenopausal women (Fig. 2) , who had a higher BMI (p<0.05) and correspondingly higher PTH (p<0.05) as compared to the postmenopausal women.
Adjustment for potential confounders
We also analyzed this relationship separately in pre-and postmenopausal women with BMI and menopausal status as independent variables and controlling for lean mass, physical activity level, and nutrient intake such as carbohydrates, protein, fat, calcium, vitamin D and sodium (Table 2) . A significant BMI* menopause interaction was observed for total BMC, Tb BMC, and periosteal circumference (p<0.05). Similar to correlation analysis, there was a significant effect of BMI on total and Tb vBMD, BMC and Ct area, and cort vBMD. Similarly there was a significant effect of menopause on most Tb and Ct variables except circumference. When analyzing the pre-and postmenopausal women separately, the post-hoc analysis showed that the heavier pre-and postmenopausal women mostly had higher Tb vBMD and BMC compared to leaner women. On the other hand Ct vBMD, BMC, geometry, and strength indices were not significantly higher in the preand postmenopausal heavier women. In addition Ct vBMD was lower in the heavier premenopausal women compared to normal weight women (p<0.05). 
Muscle and fat area, and bone
Partial correlation analysis shows a positive relationship (r>0.2, p<0.05) between lower leg muscle area and Tb and Ct bone variables, except Ct vBMD. Similarly, a positive association was observed for most Tb and Ct variables and fat area. However, when controlling for muscle area, the positive association of all variables with fat area was no longer observed (r<0.1, p=NS), but the negative association with Ct vBMD still remained (r=−0.2, p<0.05; Table 3 ).
Predictors of trabecular and cortical bone
In order to identify how BMI influences Tb and Ct bone parameters, we examined whether whole body fat or lean tissue was more important in predicting the relationship using multiple regression analyses (Table 4) . Age, body composition (total fat or lean mass), serum PTH, and 25OHD served as explanatory variables for each of the dependent variables. As expected, age was a primary predictor of Ct vBMD (Table 4) . Fat mass explained 9% of the negative and positive influence on Ct and Tb vBMD, respectively, whereas lean mass only explained about half as much (∼5%). In contrast, lean mass explained 17% of the geometric and 33% of the strength indices, whereas fat mass only explained about a third of the variance at 6% and 13%, respectively (Table 4) . Not surprisingly, when BMI was in the model, it also was a significant predictor (p<0.001) of Tb and Ct vBMD and Ct thickness and SSI (8-16%). When pre-and postmenopausal women were analyzed separately without age in the model, fat and lean tissue mass explained greater variance for all bone variables in the premenopausal women (≤62%) than in postmenopausal women (<35%). We also examined calcium and vitamin D intake as a covariate in the model and found that it was not a significant predictor, explaining less than 0.05% of the bone variables.
Discussion
While the influence of age, PTH, and/or menopausal status on Tb and Ct bone and geometric properties in normal weight and overweight population has been reported [13, 21, 22, [26] [27] [28] , the aim of this study was to determine how obesity influences these parameters in women with a wide range of body weights (BMI 18-57 kg/m 2 ). Our results indicate that obesity is associated with higher Tb and Ct bone parameters, except Ct vBMD. While age is a predictor for most bone variables, fat mass explains more variance for vBMD, and lean mass and 25OHD explain greater variance in geometric and strength indices. These findings may be important in explaining the apparent discrepancy in studies examining the effect of fat mass on total body BMD, where some show a positive association [1, 16, 17, 22] and other reports show an inverse or less important role [29, 30] .
Interestingly, there were differences in Tb and Ct bone that were detected using pQCT that were not observed with areal BMD analysis. For example, DXA analysis showed no effect of menopause on BMD and BMC in the obese population, whereas Tb and Ct vBMD and BMC differed between the obese pre-and postmenopausal women. Although a higher BMI is associated with a greater BMD, it is interesting to note that the early protective effect of a higher BMI on maintenance of Tb and Ct BMC may be lost with aging in heavier women.
Trabecular bone is influenced by several factors including BMI, age, estradiol, and physical activity [13, 26, 31] . Consistent with previous reports [13, 26] , lower estradiol and/or aging is associated with lower Tb bone, as observed in the post-compared to premenopausal women in this study. Our results also show that Tb bone is positively influenced by body weight and is not associated with serum PTH and 25OHD. Cortical bone is similarly influenced by BMI, age, estradiol, and also by PTH and 25OHD [23, 27, 28, 31] . A decrease in Ct BMD begins in mid-life and is accelerated after menopause [27, 28, 31] . The lower Ct vBMD seen in our post-compared to the premenopausal women supports this finding. Our findings also suggest that Ct vBMD is negatively influenced by BMI, but the major contribution of this effect comes from adipose rather than lean tissue, as shown with multiple regression. The more marked negative relationship in the pre-compared to postmenopausal women is probably due to higher PTH and body weight in the premenopausal group. A previous study showed that Ct vBMD was lower in normal (BMI<25) compared to overweight postmenopausal women [32] at the radius, but similar at the tibia. We also found no difference for Ct BMD between these two lower weight categories (BMI<25 compared to . It appears that BMI may have a Ct cortical, Tb trabecular, vBMD volumetric bone mineral density, Circ circumference, Endo endosteal, Peri periosteal, Ip polar moment of inertia, SSI stress strain index differential effect on different bone sites, as has been found in children [33] , and the lower Ct density with higher BMI is only present in the extremely obese women with BMI>35. In addition, because the effect of high BMI on Ct BMD was more pronounced in the premenopausal women, it is possible that Ct bone does not decline as dramatically as in leaner women with aging. However, a low Ct bone density over a longer duration may compromise bone quality and explain recent findings of increased fracture risk at peripheral sites [2] [3] [4] [5] , possibly due to less soft tissue padding as compared to axial sites. Our results also suggest that BMI does not have an additional positive influence on strength indices which may further help explain increased fracture risk at certain sites in this population. Adiposity is associated with increased PTH levels [19] , possibly due to lower circulating concentrations of 25OHD attributed to increased sequestration in the adipose tissue [20] . Our data also show a higher PTH and a lower 25OHD in the heavier compared to leaner women. Patients with primary hyperparathyroidism have a compromised Ct BMD and a normal Tb BMD [21] . The catabolic effect of excess PTH on Ct bone is typically seen in hyperparathyroid patients, and our results show that these extend to obese populations as well. On the other hand, the absence of a relationship between PTH and Ct BMD in the postmenopausal women may be due to the more dramatic effects of estrogen depletion in early postmenopausal years, which independently has a marked negative effect on Ct bone [34] . Alternatively, it is possible that even a slightly higher estradiol or other hormones associated with excess adiposity contribute to maintenance of Ct bone. A lower Ct vBMD due to high BMI, as found in the obese in this study may be due to factors other than PTH. For example, obesity is associated with higher inflammatory cytokines and sleep [27] , which may negatively influence Ct bone.
Consistent with reports that fat mass has a negative influence on BMD [35, 36] , one short-term weight reduction study [37] found a moderate increase in Ct vBMD with fat loss in obese premenopausal women. Although a higher body weight is associated with higher Tb bone, it provides no additional benefit to the Ct BMD in overweight children [25, 33, 38] . In late adolescence, a higher body fat has been shown to be negatively correlated with Ct BMD in the tibia and radius [25] , and is consistent with our new findings in adults. Although a lower Ct BMD is typically associated with fracture risk, this higher risk is possibly compensated by increased Ct area and BMC in the obese individual, similar to that observed due to aging, to increase bone size and strength [38, 39] . In addition, obesity is also associated with higher Tb bone which may further offset fracture risk. Nevertheless, as in aging, one would expect that this compensation to be limited and result in a higher risk of fracture in the obese [3, 4] . In addition, our study shows that greater adiposity per se in the obese does not have a positive influence on bone. Specifically the partial correlation analysis, corrected for muscle area, shows that there is indeed a negative relationship of fat mass with Ct bone and no association with strength indices. Taken together, these data help to explain why a BMD in the normal range in obesity is associated with an increased peripheral fracture risk in women [2] [3] [4] [5] , but it is interesting that this is not observed in men [4] .
There are some limitations of this study including the cross-sectional design which does not address a cause/effect relationship. Also the results are not generalizable since we report on a single bone site, the weight-bearing tibia. However, the influence of excess weight in children at different sites (tibia and radius) have been found to be similar [25] , yet one study showed the negative effect of higher weight may be more exaggerated at the radius [38] . BMD measurement artifacts are an ongoing concern in the obese population due to excess fat tissue [40] [41] [42] . However, previous studies with this concern have examined axial sites with a greater fat thickness compared to the peripheral site used in the current study. Also, true volumetric BMD (mg/cm 3 ) that uses fat tissue at a density of zero should also eliminate the concern about artifacts due to excess fat tissue, as occurs with areal BMD.
These findings suggest that adiposity has a positive and negative effect on Tb and Ct vBMD, respectively, and serum PTH and 25OHD at least partially explain these findings. The mechanisms that mediate the long-term effects of a higher PTH and lower 25OHD associated with obesity on Tb and Ct bone need to be further explored in longitudinal studies. The role of other hormones and adipokines that are altered in obesity and their specific effect on Tb and Ct bone also need to be addressed. In summary, this study provides novel insight into the trabecular-cortical bone relationships altered by BMI and menopause, and should aid in our understanding of how excess adiposity influences fracture in obesity.
